These authors contributed equally to this work Purpose: In order to get novel EGFR inhibitors exerting more potency in tumor hypoxia than in normoxia. Methods: A series of 4-[(2-nitroimidazole-1H-alkyloxyl)aniline]-quinazolines were designed and synthesized, and their in vitro cytotoxicity and EGFR inhibitory activity were evaluated. Molecule docking study was performed for the representative compound. Results: The structure-activity relationship (SAR) studies revealed that compounds bearing both meta-chloride and para-(2-nitroimidazole-1H-alkyloxy) groups on the aniline displayed potent inhibitory activities both in enzymatic and cellular levels. The most promising compound 16i potently inhibited EGFR with an IC 50 value of 0.12 μM. Meanwhile, it manifested more potent cytotoxicity than the positive control lapatinib under tumor normoxia and hypoxia conditions (IC 50 values of 1.59 and 1.09 μM against A549 cells, 2.46 and 1.35 μM against HT-29 cells, respectively). The proposed binding model of 16i in complex with EGFR was displayed by the docking results. Conclusion: This study provides insights for developing hypoxia-activated kinase inhibitors.
Introduction
EGFR is a trans-membrane protein that belongs to the HER family of receptor tyrosine kinases, 1 its overexpression has been confirmed in many solid carcinomas, which include non-small-cell lung carcinoma, 2 colon carcinoma, 3 ovarian carcinoma, 4 head and neck carcinoma, 5 and so on. On the other hand, hypoxia is unavoidable in solid carcinomas, it makes carcinomas resistant to radiotherapy and chemotherapy. 6 In particular, EGFR is massively overexpressed when carcinomas are under hypoxia. 7, 8 The dual functions of EGFR overexpression and tumor hypoxia exhibit a great challenge to carcinoma treatment. In other words, if a drug can inhibit EGFR, and also be activated under carcinoma hypoxia, it may exert a stronger effect. Recently, many small molecule EGFR inhibitors have been successfully developed and introduced onto the market, these drugs include gefitinib (1), 9 erlotinib (2), 10 lapatinib (3), 11 osimertinib (4), 12 etc (Figure 1 ). In addition, reagents targeting carcinoma-hypoxia have been massively explored, including the 2-nitroimidazole derivative pimonidazole (5) , 13 nimorazole (6), 14 and so on ( Figure 1 ). Moreover, compounds that have been combined with hypoxia-activated groups and other functional moieties have been widely reported. 15, 16, 17 For example, the hypoxia-activated prodrug TH-302 (7, Figure 1 ) is 270-fold more effective in carcinoma hypoxia than in normoxia; 18 the hypoxia-activated EGFR inhibitor tarloxotinib (8, Figure 1 ) has been advanced to a phase II clinical study due to its excellent potency. 19 EGFR inhibitors compete with ATP to bind to kinase, blocking signal transduction and playing an inhibitory role. 20 Three main interaction regions, the solvent region, the hinge region, and the backpocket region, are involved in the inhibitor-EGFR kinase bindings (Figure 1 ). 21 In carcinoma hypoxic environment, 2-nitroimidazole can be reduced to hydroxylamine intermediates through fourelectron reduction. The intermediates are further reduced to free radicals under hypoxia, and covalently bind to nucleophilic proteins, amino acids, and other components to target tumors. In normoxia, the presence of oxygen prevents the 2-nitroimidazole group from being reduced and activated, and it exists in the prototype state, thus ensuring its safety in normal tissue ( Figure 2 ). 22 In order to get novel EGFR inhibitors that exert more potency in tumor hypoxia than in normoxia, we designed a series of compounds by combining 2-nitroimidazole group and 4-anilinoquinazolines ( Figure 3 ). It has been Hydroxylamine intermediates Free radicals Figure 2 Reductive activation mechanism of 2-nitroimidazole in carcinoma hypoxic environment.
4-anilinoquinazolines

2-nitroimidazoles
Hinge region confirmed that the aniline group of 4-anilinoquinazoline was positioned in the backpocket region of EGFR kinase, and this space was enough to accommodate bulky moieties, 23 so we incorporated 2-nitroimidazole group into the aniline position herein ( Figure 3 ). Meanwhile, different kinds of side chains at C-7 and C-8 of the quinazolines were chosen, referencing the structures of gefitinib and erlotinib. Through investigation of the aniline substituents and the styles of the side chain, the structureactivity relationships (SARs) of these compounds were studied.
Solvent region
Backpocket region
Methods and materials Chemistry
Melting points were determined by a B-540 Büchi melting-point apparatus, nuclear magnetic resonance (NMR) spectra were recorded on BRUKER AVIII 500 MHz or BRUKER AVII 400 MHz spectrometer (500 or 400 MHz for 1 H NMR, 100 MHz for 13 C NMR). Mass spectra were obtained on the Finnigan LCQ DecaXP ion trap mass spectrometer.
Procedure for the synthesis of substituted nitrobenzene (10a-d)
Dihalide alkane (30 mmol) was added to a stirred solution of substituted phenol (9a-c) (10 mmol) and K 2 CO 3 (5 mmol) in DMF (10 mL). The reaction mixture was heated to 60°C and stirred overnight. After the reaction was completed, the mixture was cooled to room temperature (rt) and filtered, the filtrate was removed in vacuo. Finally, silica gel column chromatography was used to purify the residue, and pure 10a-d were obtained. 1-(2-Bromoethoxy)-2-chloro-4-nitrobenzene (10a): white solid. Yield: 64%, mp: 56°C-58°C. 1 1-(2-Chloroethoxy)-3-nitrobenzene (10c): white solid. Yield: 59%, mp: 57°C-59°C (lit. 59°C-60°C). 24 1-(2-Bromoethoxy)-4-nitrobenzene (10d): white solid. Yield: 51%, mp: 59°C-61°C (lit. 62°C-64°C). 25 
Procedure for the synthesis of substituted aniline (11a-d)
To a solution of 10a-d (10 mmol) in methanol (20 mL), and 10% Pd/C was added. Then 10a-d were reduced by hydrogen at atmospheric pressure for about 2 hours and the catalyst was removed by filtration. The filtrate was evaporated to afford 11a-d in the yields >93%. 
Procedure for the synthesis of 2-nitroimidazole derivative (12a-d)
To a stirred solution of substituted aniline (11a-d) (10 mmol) and powdered K 2 CO 3 (5 mmol) in DMF (10 mL), 2-nitroimidazole (1.36g, 12 mmol) was added. The reaction mixture was heated to 70°C and stirred for about 10 hours. After the reaction was completed, the mixture was cooled to rt and filtered, the filtrate was removed in vacuo. Then methylene chloride was used to dissolve the obtained residue, which was further washed with water. Finally, the organic solvent was dried over sodium sulfate and concentrated to obtain crude 12a-d, which were further purified by column chromatography to get pure materials.
3-Chloro-4-(2-(2-nitro-1H-imidazol-1-yl)ethoxy)aniline (12a): yellow solid. Yield: 55%, mp: 127°C-129°C. 1 Procedure for the synthesis of 4-(3-((4-chloro-6methoxyquinazolin-7-yl)oxy)propyl)morpholine (13) Compound 13 was prepared following the published synthesis route. 26 Briefly, commercially available 6-methoxy-7-(3-morpholinopropoxy)quinazolin-4(3H)-one (2.0 g, 6.3 mmol) was mixed with SOCl 2 (15 mL) and DMF (0.2 mL), then the mixture was heated at reflux temperature for 5 hours. The volatiles were removed under reduced pressure. The residue was dissolved in CH 2 Cl 2 (50 mL) and the organic layer was washed with aqueous NaHCO 3 solution and brine, and dried over Na 2 SO 4 , filtered and evaporated to give the crude product 13, which was purified by silica gel column chromatography to get pure intermediate 13 as a white solid. Yield: 48%, mp: 111°C-113°C. 1 Procedure for the synthesis of 4-chloro-6,7-bis(2methoxyethoxy)quinazoline (14) 27 Compound 14 was prepared in the same way as compound 13, but the was changed from 6-methoxy-7-(3-morpholinopropoxy)quinazolin-4(3H)-one to 6,7-bis(2-methoxyethoxy) quinazolin-4(3H)-one. White solid. Yield: 52%, mp: 105°C-107°C. 1 Procedure for the synthesis of 4-(3-((4-chloro-7methoxyquinazolin-6-yl)oxy)propyl)morpholine (15) 28 Compound 15 was prepared in the same way as compound 13, but the start material was changed from 6-methoxy-7-(3morpholinopropoxy)quinazolin-4(3H)-one to 7-methoxy-6-(3-morpholinopropoxy)quinazolin-4(3H)-one. White solid. Yield: 63%, mp: 119°C-121°C. 1 
Procedure for the synthesis of the target compounds (16a-l)
To a stirred solution of 2-nitroimidazole derivative (12a-d) (1.0 mmol) in isopropyl alcohol (10 mL), compound 13, 14 or 15 (1.0 mmol) was added. The mixture was reacted in reflux temperature and stirred for about 2 hours. After completion, the mixture was washed with saturated NaHCO 3 solution and CH 2 Cl 2 , then the CH 2 Cl 2 solvent was dried by anhydrous Na 2 SO 4 , which was concentrated to obtain crude products 16a-l. reduced with hydrogen to generate 11a-d. Coupling 11a-d with 2-nitroimidazole in the presence of potassium carbonate to obtain intermediates 12a-d. In addition, compounds 13, 14, and 15 were prepared following the published synthesis route. 26, 27, 28 Finally, condensing 12ad with 13 in isopropanol to furnish the target compounds 16a-l. Compounds 16e-h and 16i-l were obtained in a similar way by condensing 12a-d with compound 14 and 15, respectively.
Enzymatic activity
The inhibitory activity of compound 16a-l against EGFR was summarized in Table 1 . Half of the tested compounds (16a, 16b, 16e, 16f, 16i, and 16j) manifested potent activities, with the IC 50 values ranging from 0.12-0.40 μM. As expected, the meta-chloride substituent on aniline was crucial to the EGFR inhibitory activity. For example, compounds 16d, 16h, and 16l, bearing no chloride group on the aniline, only exhibited the inhibited rate lower than 50% at 1.0 μM. While meta-chloride-bearing compounds 16a, 16e, and 16i displayed the IC 50 values of 0.19, 0.23, and 0.12 μM, respectively. The bindings of lapatinib/EGFR indicate that the chloride atom of lapatinib takes up a small cavity comprised by Leu788, Thr790, and Ala743, 23 it seems that the chloride atom of this series exerts similar effects. The position of linker impacts activities as well, compounds with 2-nitroimidazole-1H-alkoxy moieties at the meta-position exhibited decreased enzymatic inhibitory activities compared to those at para-positions (16c vs 16d, 16g vs 16h, and 16k vs 16l, inhibition% at 1.0 μM: 24% vs 42%, 28% vs 44%, and 30% vs 45%, respectively). The length of the alkyloxyl linker between aniline and 2-nitroimidazole also had obvious impact on the enzymatic inhibitory activities. The compromised EGFR inhibitory activities of compounds 16b, 16f, and 16j (IC 50 : 0.33, 0.40, and 0.18 μM, respectively) compared with 16a, 16e, and 16i (IC 50 : 0.19, 0.23, and 0.12 μM, respectively) indicated that shorter linkers (n=1) were more favorable than longer ones (n=2), probably because longer linkers restricted the molecules from adapting the kinase. Moreover, the types and positions of groups adjusting physicochemical properties affected activities as well. Compounds with 6-morpholinopropoxyl-7-methoxy side chains (16i-l) exhibited more potent EGFR inhibitory activities than those with 6, 7-dimethoxylethoxy (16e-h) or 6methoxyl-7-morpholinopropoxy (16a-d) ones.
In vitro cytotoxicity
The in vitro cytotoxicities of compounds 16a-l were evaluated on human non-small-cell lung cancer A549 cells and human colorectal adenocarcinoma HT-29 cells under normoxic and hypoxic conditions ( Table 1) . Seven of all the 12 new compounds (16a, 16b, 16e, 16f, 16i, 16j, and 16l) exhibited good anti-proliferation activities. The SARs analysis indicated that both the introduction of 2-nitroimidazole-1H-alkoxy moieties at the aniline-para-position and the 3ʹ-chloro substitution were favorable in terms of cytotoxicity (16a >16c, 16e >16g, and 16i >16k), and the results were consisted with the enzymatic inhibitory activities. Almost all of these compounds manifested comparable to more potent cytotoxicities against A549 and HT-29 cells under normoxia compared to under hypoxia. Although the difference in cytotoxicity was not obvious between hypoxia and normoxia, considering EGFR expression was significantly up-regulated under hypoxia, which could partly offset the cytotoxicity generated in that circumstance, 17 
Molecular docking study
The possible binding modes of these compounds in complex with EGFR were explored through a molecular modeling study between 16i and the reported EGFR crystal structure (PDB ID: 1XKK). As illustrated in Figure 4 , compound 16i bound in the ATP-binding pocket of EGFR, which is similar to that of lapatinib. The 2-nitroimidazole group of 16i was surrounded by the residues of Thr854, Phe856, Met766, and Leu777. Two hydrogen bonds were formed between the two oxygen atoms of 2-nitroimidazole and the residues of Arg776 and Leu777 of EGFR. In addition, the 3ʹ-chloro group of the aniline was inserted in a pocket formed by the residues of Ala743, Thr790, and Leu788 ( Figure 4A ). Although compounds with two carbon linkers between aniline and 2-nitroimidazole moiety exhibited good EGFR inhibitory activity, this linker still appeared crowed and repulsed the 4-anilinoquinazoline group to the more "out" positione than lapatinib ( Figure 4C ). This caused the quinazoline group to not form hydrogen bonds with Thr790 or Thr854, which was observed in lapatinib-EGFR complex ( Figure 4B ). We speculate that the loss of these important interactions led compound 16i to display weaker EGFR inhibitory activity than lapatinib (IC 50 : 0.12 μM vs 0.011 μM, Table 1 ). These results provide guidance for the further optimization of this series of compounds.
Conclusion
For the purpose of getting novel EGFR inhibitors and taking advantage of the carcinoma hypoxia circumstance, a series of small molecule inhibitors was designed and synthesized by incorporating 2-nitroimidazole group into the aniline of the 4-anilinoquinazolines. The SARs studies revealed that the introduction of chloride at the metaposition and the 2-nitroimidazole-1H-alkoxy moiety at para-position of the aniline were crucial to the EGFR inhibitory activity. Meanwhile, the optimal alkyl linker between aniline and 2-nitroimidazole moiety was two carbons in these compounds. The anti-proliferative activities were consistent with the EGFR inhibitory activities, and almost all the new compounds exhibited more potent cytotoxicities under hypoxia than normoxia. In particular, the most promising compound, 16i, exhibited good EGFR inhibitory activity (IC 50 value of 0.12 μM) and more potent cytotoxicities (A549 cells: IC 50 values of 1.59 and 1.09 μM under normoxia and hypoxia, respectively; HT-29 cells: IC 50 values of 2.46 and 1.35 μM under normoxia and hypoxia, respectively) than lapatinib. Moreover, the docking study confirmed the binding models between 16i and EGFR. These results provide new insights for development of EGFR inhibitors exerting activities both under normoxia and hypoxia.
